The Drosophila gene groucho (gro) encodes a transcriptional corepressor that has critical roles in many development processes. In an effort to illuminate the mechanism of Gro-mediated repression, we have employed Gro as an affinity reagent to purify Gro-binding proteins from embryonic nuclear extracts. One of these proteins was found to be the histone deacetylase Rpd3. Protein-protein interaction assays suggest that Gro and Rpd3 form a complex in vivo and that they interact directly via the glycine/proline rich (GP) domain in Gro. Cell culture assays demonstrate that Rpd3 potentiates repression by the GP domain. Furthermore, experiments employing a histone deacetylase inhibitor, as well as a catalytically inactive form of Rpd3, imply that histone deacetylase activity is required for efficient Gro-mediated repression. Finally, mutations in gro and rpd3 have synergistic effects on embryonic lethality and pattern formation. These findings support the view that Gro mediates repression, at least in part, by the direct recruitment of the histone deacetylase Rpd3 to the template, where it can modulate local chromatin structure. They also provide evidence for a specific role of Rpd3 in early development.
The Drosophila gene groucho (gro) encodes a transcriptional corepressor with many roles in development (for reviews, see Fisher and Caudy 1998; Parkhurst 1998) . This factor contains a conserved WD repeat domain implicated in protein-protein interactions but lacks a DNA-binding domain. (DBD; Hartley et al. 1988; Tata and Hartley 1993; Paroush et al. 1994) . Gro is recruited to target promoters via direct interactions with a broad spectrum of sequence-specific DNA-binding transcription factors. For example, Hairy-related basic helixloop-helix (bHLH) factors, as well as Runt family transcription factors negatively regulate genes controlling neurogenesis, segmentation, and sex-determination via a conserved carboxy-terminal WRPW or WRPY motif through which they recruit Gro to the template (Paroush et al. 1994; Fisher et al. 1996; Alifragis et al. 1997; Aronson et al. 1997; Jimenez et al. 1997; Zhang and Levine 1999) .
Other factors lacking WRPW/Y motifs also recruit Gro for transcriptional repression. For example, the Drosophila homeodomain proteins Engrailed and Goosecoid employ a common motif (the Engrailed homology-1 domain) to recruit Gro (de Celis and Ruiz-Gomez 1995; Aronson et al. 1997; Jimenetz et al. 1997; Tolkunova et al. 1998; Jimenez et al. 1999) . The Rel-homology domain-containing factor Dorsal appears to recruit Gro with the help of additional DNA-binding transcription factors, which together with Dorsal may form a high affinity template-bound platform for the recruitment of Gro (Dubnicoff et al. 1997; Valentine et al. 1998) . In addition, recent studies demonstrate that an interaction between Drosophila Tcf, a transcription factor in the Wingless signaling pathway, and Gro contributes to repression by Tcf, further highlighting the widespread importance of Gro-mediated repression (Cavalo et al. 1998; Levanon et al. 1989; Roose et al. 1998) .
Corepressors with homology to Gro have been found in many other eukaryotic organisms. The yeast TUP1 protein may be a homolog of Gro, as it contains a conserved carboxy-terminal WD-repeat domain and also functions as a corepressor in conjunction with a wide array of DNA-binding repressors (Williams and Trumbly 1990; Keleher et al. 1992) . In Caenorhabditis elegans, the Gro-like transcription factor UNC-37 seems to function with UNC-4, a homeodomain protein, to repress transcription and govern motor neuron identity (Pflugrad et al. 1997) . The human Gro homologs, termed transducin-like Enhancer of split (TLE) proteins, have been shown to interact with the mammalian counterparts of Hairy-related proteins and negatively regulate genes important for neuronal development (Fisher et al. 1996; Grbavec and Stifani 1996; Grbavec et al. 1998) . The human Runt-domain repressor encoded by the AML1 gene, one of the most frequent targets for leukemia-associated chromosome translocations, mediates transcriptional repression by interacting with TLE proteins (Imai et al. 1998; Levanon et al. 1998) . A recent study also reports that a B-cell-specific repressor, B-lymphocyte induction maturation protein 1 (Blimp1), represses transcription by direct recruitment of TLE-family corepressors to the template (Ren et al. 1999) .
Whereas mounting evidence has documented the widespread role of Gro in many development processes, relatively little is known about the mechanisms underlying Gro-mediated repression. The most highly conserved region in Gro other than the WD-repeat motif is the amino-terminal 130 amino acid glutamine-rich region. We have shown previously that this motif mediates Gro homotetramerization and that formation of the tetramer is required for Gro-mediated repression . Previous studies have also demonstrated that Gro/TLE family corepressors are associated with chromatin in living cells and specifically interact with the amino-terminal tail of histone H3, suggesting that Gromediated repression may involve the modulation of local chromatin structure (Palaparti et al. 1997) .
Many corepressor complexes, most notably perhaps the Sin3 complex, contain enzymes termed histone deacetylases that remove acetyl groups from lysine residues in the amino-terminal tails of core histones. Conversely, coactivator complexes often contain histone acetyltransferase activity (for recent reviews, see Pazin and Kadonaga 1997; Kuo and Allis 1998; Struhl 1998) . By determining the dynamic acetylation state of histones, these enzymes may alter the ability of the general transcriptional machinery to recognize and transcribe genes (Hansen et al. 1998; Luger and Richmond 1998) . Hyperacetylated chromatin is usually associated with active transcriptional states, whereas hypoacetylated chromatin is usually associated with repressed transcriptional states (Hebbes et al. 1988; Braunstein et al. 1993) .
To further illuminate the mechanism of Gro-mediated repression, we have used Gro as an affinity reagent to purify Gro-binding proteins from Drosophila embryonic nuclear extracts. The histone deacetylase Rpd3 was identified as one protein that specifically interacts with Gro. In vitro protein-protein interaction assays demonstrate that the Gro/Rpd3 interaction is probably direct. Further experiments indicate that Rpd3 and histone deacetylase activity are associated with Gro in vivo and that the deacetylase activity is required for Gro-mediated repression in transient transfection assays. Finally, simultaneous reduction of the maternal gro and rpd3 gene dosage results in synergistic effects on pattern formation and embryonic viability, supporting the idea that the products of these genes function together in development.
Results

Gro binds Rpd3 in vitro and in vivo
To identify polypeptides that associate with Gro, we used purified Flag-tagged Gro (referred to as M 2 Gro) as an affinity reagent. In a pilot experiment (Fig. 1A) , anti-Flag affinity beads alone (lanes 3,5) or beads containing immobilized M 2 Gro (lanes 4,6) were incubated with 0-to 12-hr Drosophila embryonic nuclear extracts (lane 2). Following extensive washing of the beads, bound proteins were eluted with SDS, resolved by SDS-PAGE, and visualized by silver staining (Fig. 1A, lanes 5,6) . Five polypeptide species with apparent molecular masses of 140, 110, 68, 38, and 31 kD bound to the anti-Flag beads containing M 2 Gro (lane 6) but not to the beads alone (lane 5).
In a subsequent large-scale purification (Fig. 1B) , these five polypeptides were resolved by preparative SDS-PAGE. Then, we attempted to isolate and determine the sequence of lysC peptides from these Gro-associated polypeptides. A lysC peptide recovered from p38 has the sequence ASATPSHPPTQQMVDA, which is identical to a sequence found in Drosophila histone H1 (Croston et al. 1991) . A peptide recovered from p68 has the sequence YGEYFPGTGDLR, which perfectly matches a sequence found in Drosophila histone deacetylase Rpd3 (De Rubertis et al. 1996) . Immunoblot analysis with affinity purified anti-Rpd3 polyclonal antibody (kindly provided by P. Spierer, University of Geneva, Switzerland) confirms that p68 is Rpd3 (Fig. 1C) .
Immunoprecipitation assays ( Fig. 2A) suggest that endogenous Gro and Rpd3 are associated in Drosophila nuclei, as antibodies against Gro coprecipitated Gro and Rpd3 from both Drosophila embryonic (lane 3) and S2 cell (lane 7) nuclear extracts. Neither protein was precipitated by nonimmune serum (lanes 2,6) or by negative control anti-Flag antibodies (lanes 4,8) . In each case, ∼10%-20% of Rpd3 in the nuclear extracts was found to precipitate with Gro. In vitro histone deacetylase assays using 3 H-acetyl-labeled histones as the substrate indicates that ∼20% of the histone deacetylase activity in the embryonic extracts coprecipitates with Gro, whereas no significant activity is precipitated by the nonimmune serum or control anti-Flag antibody (Fig. 2B) . The histone deacetylase activity in the crude extracts and in the Gro immunoprecipitate is largely inhibited by the histone deacetylase inhibitor trichostatin A (TSA) (Taunton et al. 1996) , as is the activity of purified recombinant Rpd3.
The glycine/proline-rich domain of Gro is required for the interaction with Rpd3
Consistent with the finding that Rpd3 interacts with Gro in vivo, we showed that M 2 Gro and six histidinetagged Rpd3 (H 6 Rpd3) copurified on both Ni 2+ -NTA-agarose (which binds the histidine tag) and anti-Flag affinity beads, when M 2 Gro and H 6 Rpd3 were coexpressed using baculovirus vectors (Fig. 3A) . To determine whether the interaction between Gro and Rpd3 is direct, we purified baculovirus-expressed M 2 Gro and Rpd3 (M 2 Rpd3) to near homogeneity (Fig. 3B ). Equal amounts of these purified proteins were first immobilized on anti-Flag beads and then incubated with in vitro-translated and [ 35 S]methionine-labeled Gro or Rpd3. After extensive washing, bound proteins were separated by SDS-PAGE and visualized by autoradiography (Fig. 3C,D) .
35
S-labeled Rpd3 was retained on the anti-Flag beads containing purified M 2 Gro but not on anti-Flag beads alone (Fig. 3C) . Furthermore, 35 S-labeled Gro specifically bound to anti-Flag beads containing purified M 2 Rpd3 (Fig. 3D) . Thus, these findings strongly suggest a direct interaction between Gro and Rpd3, although we cannot completely exclude the possibility that unknown adapter proteins in the rabbit reticulocyte in vitro translation system participate in this interaction.
To map the domain(s) of Gro responsible for the interaction with Rpd3, we constructed a series of truncated forms of Gro (Fig. 4A ). When M 2 -Gro lacking the carboxy-terminal WD repeat domain (M 2 Gro N420 ) was coexpressed with H 6 Rpd3 in insect cells, we found that M 2 Gro N420 and H 6 Rpd3 copurified on both Ni
2+
-NTAagarose and anti-Flag affinity beads (Fig. 4B, lanes 2,3) . In contrast, M 2 2 Gro ⌬N397 failed to copurify with H 6 Rpd3 (Fig. 4B, lanes 5,6) . Therefore, the amino-terminal region of Gro is necessary, whereas the WD repeat domain is dispensable for the Rpd3 interaction.
We further mapped the domain(s) in the amino-terminal region of Gro required for the Rpd3 interaction by incubating in vitro-translated 35 S-labeled Gro deletions with anti-Flag affinity beads containing purified M 2 Rpd3 (Fig. 4C , results summarized in Fig. 4A ). Those 35 S-labeled Gro variants that contain the glycine/proline-rich (GP) domain bound to beads containing purified M 2 Rpd3 but not to beads alone. Conversely, those 35 S-labeled Gro variants lacking the GP domain failed to associate with M 2 Rpd3. In addition, a GST pull-down assay using purified GST-Gro fusion proteins (Fig. 4D , bottom) confirmed that the GP domain of Gro was required for the interaction with Rpd3 ( Fig. 4D, top; cf. lanes 4 and 5). Furthermore, the deletion of the amino-terminal glutamine-rich (Q) domain of Gro severely reduced the affinity of the interaction (Fig. 4D , cf. lanes 3 and 5). In conclusion, these findings suggest that the GP domain is required for the interaction, whereas the Q domain, which our previous studies have shown is required for Gro tetramerization , significantly stimulates the interaction.
The interaction between Gro and Rpd3 contributes to Gro-mediated transcriptional repression in cultured cells
To address whether the interaction between Gro and Rpd3 is functional in Gro-mediated repression, we first determined if histone deacetylase activity was important for transcriptional repression by Gro in cultured cells. We and others have shown that Gro strongly represses The beads were incubated with embryonic nuclear extract and subsequently subjected to extensive washing prior to SDS elution; (lanes 3,4) the nuclear extract was omitted. IgG light (L) and heavy (H) chains are indicated. Polypeptides from the embryonic nuclear extracts that uniquely coprecipitate with the M 2 Gro beads are indicated (p140, p110, p68, p38, and p31). (*) Two polypeptides that are retained on the beads in both the presence and absence of Gro. (B) Silver-stained SDS-polyacrylamide gel showing an aliquot of the eluate from a large-scale M 2 Gro affinity column used for affinity purification of Gro-interacting proteins. Elution was achieved by washing the beads with excess Flag peptide. Thus, unlike in A, the immunoglobulin chains were not eluted. However, the same two nonspecific polypeptides (*) that eluted with SDS (A), eluted with the peptide, indicating that they are probably binding directly to the antibody. The amino acid sequence denotes a peptide sequence obtained from an internal lysC fragment of p68. This sequence is a perfect match to a predicted lysC fragment in Drosophila histone deacetylase, Rpd3. P38 has been identified as Drosophila histone H1 (H1). (C) Immunblot with anti-Rpd3 antibody. Lanes are the same as in A. activated transcription in S2 cells when directly targeted to a promoter by fusion to the DBD of the yeast transcription factor Gal4 (Fisher et al. 1996; Chen et al. 1998) . As shown in Figure 5B (open bars), the Gal4-Gro fusion strongly represses the transcriptional activation promoted by the combination of Dorsal and Twist, when expression vectors encoding these factors were cotransfected with a luciferase reporter (G 5 DE 5 tkLuc) driven by a herpes simplex virus thymidine core promoter, an artificial enhancer element containing multimerized Dorsal and Twist binding sites (Dl-Ebox), and multimerized Gal4-binding sites (USA G ).
Next, we treated transfected S2 cells with the histone deacetylase inhibitor TSA to determine whether deacetylase activity is important for Gal4-Gro-mediated repression. As shown in Figure 5B (shaded bars), TSA treatment dramatically reduced Gal4-Gro-mediated repression, suggesting that histone deacetylation does contribute to this repression. Introduction of TSA resulted in a small (less than 2-fold) increase in the level of reporter activity in the absence of Gal4-Gro, but a much larger (up to 20-fold) increase in the level of reporter activity in the presence of Gal4-Gro (Fig. 5B, left) . As a result, the calculated repression by Gal4-Gro decreases from 25-fold in the absence of TSA to ∼3-fold in the presence of 300 nM TSA (Fig. 5B, right) . The residual repression observed at high concentrations of TSA suggests that although full repression of transcription by Gro requires histone deacetylase activity, Gro may also utilize histone deacetylase-independent mechanisms for transcriptional repression.
In agreement with the finding that the GP domain of Gro is required for the interaction with Rpd3, this GP domain functions as a repression domain (Fig. 5C , constructs shown in Fig. 5A ), when fused to the Gal4 DBD and the tetramerization domain (TD) of p53 (construct G4TDGP). The p53 TD, which itself does not repress transcription when fused to the Gal4 DBD (Fig. 5C , construct G4TD), was utilized in place of the Gro TD to avoid the repression activity that is believed to result from the association of Gal4-Gro TD fusion with endog- 
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Cold Spring Harbor Laboratory Press on October 16, 2017 -Published by genesdev.cshlp.org Downloaded from enous full-length Gro. In the absence of the p53 TD, the Gal4-GP domain fusion (Fig. 5C , construct G4GP) failed to repress transcription. These findings suggest that efficient repression by the GP domain of Gro requires tetramerization. This agrees with our previous finding that the Q domain is required for efficient binding between TSA treatment dramatically reduces Gal4-Gro mediated repression. The structure of the firefly luciferase reporter (G5DE5tkLuc) is depicted at top. This reporter and an internal control reporter (p-37tkRLuc) encoding Renilla luciferase were cotransfected into S2 cells with vectors expressing Dorsal, Twist, and the Gal4 DNA-binding domain (G4) or the Gal4-Gro fusion protein (G4Gro). Twenty-four hr post-transfection, cells were treated with the specified amounts of TSA and luciferase activities were measured 10 hr later. All firefly luciferase activities (normalized first to the control Renilla luciferase activities) are normalized to the activity in the presence of Dorsal, Twist, and Gal4 DBD alone, which is set at 100%. Each bar represents the average plus standard deviation of three independent duplicate assays (left). The fold repression (right) reflects the ratio of the activity observed with Gal4 DNA-binding domain alone to that observed with Gal4-Gro at each TSA concentration. (C) The Gro GP domain is able to repress transcription when fused to the Gal4 DBD and the p53 TD (G4TDGP). However, the GP domain alone (G4GP) and the p53 TD alone (G4TD) fail to repress transcription when fused to the Gal4 DNA-binding domain. Cotransfection assays were conducted as described in B. ) and H 6 Rpd3 were affinity purified using Ni Gro and Rpd3 (Fig. 4D ) and with our previously published results showing that efficient repression by Gro requires a functional tetramerization domain ).
The GP domain synergizes with an enzymatically active form of Rpd3 to repress transcription
To further determine whether histone deacetylase activity is critical for the function of the Gro GP domain, we generated a single point mutation in Rpd3 in which a highly conserved histidine residue (H196) is replaced with a phenylalanine (H196F) (Fig. 6A) . Consistent with studies on mammalian histone deacetylases (Hassig et al. 1998) , we found that the mutation decreased the specific activity of the enzyme by about sevenfold (Fig. 6B) . Additionally, using a GST pull-down assay, we found that both Rpd3
WT and Rpd3 H196F bound to Gro with comparable affinity (Fig. 6C ). Unlike Rpd3
WT , which repressed transcription three-to fourfold when fused to the Gal4 DBD, the Gal4-Rpd3
H196F fusion failed to repress transcription in a similar assay (Fig. 6D) . Therefore, Rpd3 H196F represents an enzymatically inactive form of Drosophila histone deacetylase that binds to Gro with the same affinity as wild-type Rpd3.
As shown above, the Gal4-GP domain fusion does not repress activated transcription on its own due to the lack of a tetramerization domain (Fig. 5C) . However, we discovered that the Gal4-GP fusion was able to synergize with cotransfected wild-type Rpd3 to repress transcription (Fig. 5D) but not with the mutant catalytically inactive form of Rpd3. As controls, we showed that neither the Gal4 DBD (G4) alone nor the Gal4-WD repeat domain fusion (G4WD) was able to synergize with Rpd3 to repress transcription (Fig. 5D) . These results strongly suggest that the GP domain contributes to Gro-mediated repression by interacting directly with the histone deacetylase Rpd3 and that the histone deacetylase activity of Rpd3 is essential for its ability to contribute to Gro-mediated repression.
A genetic interaction between gro and rpd3
Drosophila gro is a maternally required gene that has critical roles in multiple developmental processes, including anterior/posterior and dorsal/ventral pattern formation, neurogenesis, and sex determination (Fisher and Caudy 1998; Parkhurst 1998 ). To determine whether or not Rpd3 could possibly interact with Gro to help mediate these processes, we examined the distribution of this protein in ovaries and embryos. Immunostaining of wildtype ovaries indicated that Rpd3 protein was ubiquitously present in the nuclei of both nurse and follicle cells throughout oogenesis (Fig. 7B,C) . In addition, Rpd3 protein was detected in all the nuclei of the syncytial blastoderm embryo (Fig. 7D ). Rpd3 protein levels dropped significantly and remained low during gastrulation and at later stages of embryogenesis. However, a high level of spatially restricted expression was observed in the head region of stage 9-10 embryos (Fig. 7E, arrows) .
We obtained a strain carrying single recessive lethal P-element insertion (P1633, obtained from the Bloomington Stock Center; Spradling et al. 1995) within the rpd3 transcription unit (47 bp from the transcription start site as determined by the Berkeley Drosophila Genome Project). Embryos heterozygous for this P insertion showed reduced levels of Rpd3 staining in the head (Fig.  7F) , whereas homozygous embryos displayed no detectable expression in the head (Fig. 7G) . In addition, this P1633 insertion failed to complement a deletion that removes the rpd3 gene entirely, Df(3L)10 H . Therefore, P1633 likely represents a null or strong hypomorphic allele of rpd3.
To look for evidence for an interaction between maternally expressed gro and rpd3, we scored the frequency of unhatched embryos produced by females carrying various combinations of gro and rpd3 alleles ( Fig. 8A ; in this experiment two gro alleles were used: gro E48 , a strong hypomorphic allele and gro
BX22
, a null allele). Approximately 3%-4% of embryos produced by mothers showing equal amounts of purified wild-type (WT) and mutant forms of Rpd3. In mutant Rpd3, a conserved histidine residue (H196) has been changed to phenylalanine (H196F). (B) In vitro histone deacetylase assays of purified wild-type (WT) and mutant (H196F) forms of Rpd3. (C) GST pull-down assays show that wild-type (WT) and mutant (H196F) forms of Rpd3 bind to Gro with comparable affinities. GST-pull down assays are conducted as described in Fig. 4D . (D) Gal4 fused to wild-type Rpd3 (WT) is able to repress transcription in S2 cells, whereas Gal4 fused to the single-point mutant form of Rpd3 (H196F) is not able to repress transcription in S2 cells. Cotransfection assays were conducted as described in Fig. 5C .
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Cuticles prepared from the unhatched progeny derived from females singly heterozygous for either gro or rpd3 were indistinguishable from wild type ( Fig. 8B ; data not shown). However, those unhatched embryos produced by mothers doubly heterozygous for gro and rpd3 often displayed cuticles with striking abnormalities in anterior/posterior pattern formation (Fig. 8C-E) . We consistently observed that the majority of the unhatched embryos (>70%) generated by the gro E48 /P1633 and gro BX22 / P1633 trans-heterozygous mothers displayed replacement of anterior embryonic segments by a mirror-image duplication of the three to five posterior-most segments (Fig. 8C,D) . Mirror-image duplicated structures included denticle belts and posterior spiracles. The remaining unhatched embryos were normal or only had minor defects in head structures (data not shown).
The unhatched embryos collected from the gro BX22 / Df(3L)10 H , and gro E48 /Df(3L)10 H trans-heterozygous mothers displayed more severe cuticle phenotypes. Most (50%-60%) had no cuticle, whereas 5%-10% showed a mirror-image duplication of the posterior spiracle and disordered denticle belts ( Fig. 8E ; data not shown). The remaining unhatched embryos displayed cuticles that were nearly wild type or had minor defects in head structures (data not shown).
We have also analyzed the cuticle phenotype of embryos derived from mosaic females containing P1633 homozygous germ-line clones. Consistent with previously described results (Perrimon et al. 1996) , we observed that the majority of the embryos (>65%) lacking maternally expressed rpd3 failed to hatch, and most of those unhatched embryos (>80%) exhibited variable pair-rule segmentation defects (Fig. 8F) . In particular, we observed partial or complete fusion of adjacent denticle belts resulting in embryos with five to eight thoracic and abdominal segments. In addition, variable, often severe, defects were observed in the head skeleton. Gro has been shown to interact physically with the pair-rule gene products Hairy and Runt and to be required for their function as transcriptional repressors. Therefore, the pair-rule phenotype observed in embryos lacking maternal Rpd3 suggests that like Gro, Rpd3 may also be involved in the repression mediated by certain pair-rule gene products.
Discussion
In this report we describe the use of Gro as an affinity reagent to purify proteins from Drosophila embryo extracts that bind Gro in a specific manner. One of these proteins was found to be the histone deacetylase Rpd3. An analysis involving protein-protein interaction, cotransfection, and genetic assays suggests that Gro and Rpd3 form a complex in vivo, that they interact via the GP-rich domain in Gro, and that this interaction contributes to transcriptional repression. Thus, one mechanism by which Gro mediates transcriptional repression appears to involve the direct recruitment of Rpd3 to the template, where it can modulate local chromatin structure.
A physical interaction with the histone deacetylase Rpd3 contributes to Gro-mediated transcriptional repression
A breakthrough in our understanding of the role of chromatin remodeling in repression came with the finding that a mammalian nuclear histone deacetylase exhibits extensive homology with yeast Rpd3 (Taunton et al. 1996) , a transcriptional corepressor. Nuclear histone deacetylases were found to exist in large multiprotein complexes that include the well-known Sin3 corepressor and a tightly associated WD-repeat-containing cofactor, RbAp48. Histone deacetaylase complexes are capable of repressing transcription when they are recruited to the template by a variety of DNA-binding repressors (e.g., Ume6, Mad, and YY1). These complexes are also found in association with other corepressors, for example, NCoR, which mediates transcriptional repression by the nuclear hormone receptors (for review, see Pazin and Kadonaga 1997; Struhl 1998) .
In this study we have found that a GP-rich region in Gro appears to mediate the recruitment of Drosophila Rpd3 to the template. The recruitment of mammalian histone deacetylases by YY1 also requires a glycine-rich motif, which, like the Gro GP domain, is rich in positively charged residues (Yang et al. 1996) . It will be interesting to determine if these domains are representative of a widespread structural motif involved in repres- E48 and a deficiency that removes rpd3 (Df10H). Anterior duplication of the posterior spiracle (arrowheads) is accompanied by disorganized denticle belts. (F) Cuticle of an embryo derived from a female containing germ-line clones homozygous for P1633, the P-insertional allele of rpd3. The embryo exhibits a pair-rule phenotype.
sion. Because a glycine/proline rich domain is found in most Gro/TLE family proteins, it will also be interesting to determine whether the GP domains in mammalian Gro/TLE proteins are capable of repressing transcription via interactions with histone deacetylases.
Previously, we have identified a highly conserved putative paired amphipathic ␣-helix (PAH) motif in the amino-terminal Q domain of Gro. The PAH motif mediates Gro tetramerization, which appears to be indispensable for Gro-dependent repression in vivo . In this study we demonstrate that the Q domain is also required for efficient interaction with Rpd3, although the Gro GP domain itself seems to be sufficient for the interaction. Whereas the Q domain may form a part of the interface with Rpd3, the requirement for the tetramerization domain may simply reflect a need for multiple copies of the GP-rich domain to form a highaffinity Rpd3 interaction surface. Support for this idea comes from our findings that the p53 tetramerization domain can substitute for the Q domain in transcriptional repression and that overexpression of Rpd3 eliminates the need for the Q domain.
Enzymatic activity of histone deacetylase is required for Gro-mediated repression
We have generated and characterized a point mutation of Rpd3 in which a highly conserved histidine is converted to phenylalanine. It has been suggested previously that this histidine has a direct role in catalysis, perhaps by coordinating a catalytically active metal ion (Hassig et al. 1989; Kadosh and Struhl 1998) . Mutation of the histidine not only dramatically reduces histone deacetylase activity but also abolishes the ability of a Gal4-Rpd3 fusion to mediate transcriptional repression in S2 cells. Furthermore, although overexpressed wild-type Rpd3 synergistically represses transcription in combination with the Gal4-GP domain fusion protein, the mutant form of Rpd3 does not synergize with the Gal4-GP fusion even though the mutation does not interfere with the binding of Gro to Rpd3. These findings are consistent with previous studies showing that the corresponding histidine in mammalian histone deacetylases is critical for catalytic activity and transcriptional repression (Hassig et al. 1998; Kadosh and Struhl 1989; Zeng et al. 1998 ).
Implications of the association between histone H1 and Gro
In addition to Rpd3, Drosophila histone H1 was also found to associate with Gro. H1 is a linker histone that stabilizes higher-order chromatin structure (Ramakrishnan 1997; Belikov and Karpov 1998) . Several previous findings suggest that the interaction between Gro and H1 may be functionally relevant to Gro-mediated repression. Drosophila H1 was purified and identified as a general inhibitor of transcription by RNA polymerase II in vitro (Croston et al. 1991; Laybourn and Kadonaga 1991) . Genetic analysis has indicated that H1 does not appear to affect global transcription but, instead, functions as a gene-specific transcriptional repressor (Shen and Gorovskiy 1996) . In addition, the expression of genes encoding various H1 subtypes is developmentally regulated. Thus, it is possible that the interaction between Gro and H1 functions in a developmentally regulated manner to facilitate chromatin condensation and/or establish a repressive chromatin enviroment for transcription.
The functional role of Rpd3 in Drosophila development
Our results indicate that simultaneous reduction of the maternal gro and rpd3 gene dosage results in synergistic effects on embryonic viability. In particular, we found that embryos produced by females doubly heterozygous for either of two alleles of gro and for a P-insertional allele of rpd3 (P1633) or a deficiency that removes rpd3 exhibited greatly increased embryonic lethality relative to embryos produced by wild-type or single mutant females. The unhatched embryos often exhibited a bicaudal defect. This defect is similar to that observed for maternal effect mutations in a number of genes including bicaudal and Bicaudal D. Interestingly, the distribution of phenotypes among the embryos produced by gro/ P1633 females appears to be bimodal in nature. Sixteen percent to 20% of these embryos failed to hatch. Of these unhatched embryos, ∼70% exhibit the bicaudal defect, whereas most of the remaining embryos have wild-type or near wild-type cuticles. Very few cuticles with intermediate phenotypes are observed. This bimodal distribution is extremely similar to what has been reported for hypomorphic alleles of bicaudal (Nü sslein-Volhard 1979).
The most likely explanation for the bicaudal phenotype is the misexpression and/or mislocalization of components of the maternal posterior pattern forming system, although this may be difficult to assess directly due to the low overall penetrance of the phenotype. Thus, these findings suggest a heretofore unknown role for Gro in regulating the expression of genes involved in the localization of maternal determinants during oogenesis. Consistent with this possibility, both gro and rpd3 are expressed at the protein level in the maternal germ line.
Embryos derived from female germ-line clones homozygous for the P1633 allele of rpd3 exhibit a pair-rule segmentation defect ( Fig. 8F ; Perrimon et al. 1996) . gro is also required for segmentation, and, in particular for the function of the pair-rule genes hairy and runt (Paroush et al. 1994) , suggesting that gro and rpd3 may function together in segmentation. Although the maternal effect phenotypes of gro and rpd3 indicate roles for both factors in segmentation, the elimination of maternal Gro results in additional pleiotropic effects. In particular, the complete elimination of maternal Gro activity results in embryos that fail to gastrulate normally and that fail to deposit cuticle. These more extreme phenotypes probably result, in large part, from the roles of Gro in the dorsal/ventral and terminal pattern forming systems (Dubnicoff et al. 1997; Paroush et al. 1997) .
There are several possible explanations for the observation that the rpd3 germ-line clone phenotype is weaker than the gro germ-line clone phenotype. First, the P1633 allele, which represents a P-element insertion into the 5Ј-untranslated leader of rpd3, may be leaky. Although we do not detect Rpd3 expression in a homozygous P1633 genetic background, it is possible that some expression below the level of detection persists. Second, there may be redundant histone deacetylases that can partially compensate for the absence of Rpd3. Both vertebrates and yeast contain multiple histone deacetylases (Grozinger et al. 1999) . In Drosophila, three such enzymes, Rpd3, DmHDAC2, and DmHDAC3 (Johnson et al. 1998 and unpubl.) , have been reported, and given the large number of histone deacetylases in other eukaryotes, the fruit fly genome may encode additional members of this family. Finally, perhaps Rpd3 is only required for some, but not all of Gro's roles in development. For example, perhaps the form of Gro recruited to the template by Hairy, a transcription factor involved in segmentation, utilizes Rpd3 for repression, whereas the form of Gro recruited to the template by Dorsal, a transcription factor involved in dorsal/ventral pattern formation, functions in an Rpd3-independent manner. In other words, Dorsal and Hairy may recruit different Gro-containing multiprotein complexes to the template, and these different complexes might repress transcription in different ways. In support of this idea, we note that Hairy recruits Gro via a simple WRPW motif, whereas Dorsal lacks such a motif. Furthermore Dorsal-mediated repression requires additional DNA bound repressor proteins, whereas Hairy-mediated repression does not.
Drosophila rpd3 was originally identified through the characterization of a P-element insertion (P15/1) that enhances position-effect variegation (PEV) (De Rubertis et al. 1996) . This suggests that Rpd3 functions to counteract the silencing that results from the insertion of genes in or near heterochromatin. This contrasts with the general idea that histone deacetylases promote the repressed state. However, the P1633 P-element insertion does not have any effect on PEV (G. Chen, unpubl.) , suggesting that the P15/1 allele may not be a simple loss-of-function rpd3 allele.
A model for Gro-mediated transcriptional repression
The findings reported here, as well as those from previous studies showing that Gro family proteins make specific contacts with the amino-terminal tails of core histones (Palaparti et al. 1997 and unpubl.) , suggest that Gro represses transcription by inducing a silenced chromatin conformation. We thus propose that after a direct interaction with DNA-binding transcription factors brings Gro to the template, the known ability of Gro to oligomerize together with the known favorable interactions between Gro and core histones and/or histone H1 result in the nucleation of a Gro polymer that spreads along the template. Template-bound Gro may then provide an interface for the recruitment of key chromatin-modifying enzymes including histone deacetylases to the template. These enzymes may then serve to modulate local higher order chromatin structure to establish a transcriptionally silenced domain. It is known that the interaction between Tup1 (a possible yeast homolog of Gro) and core histones is actually enhanced by histone deacetylation (Edmondson et al. 1996) , so it is possible that histone deacetylation also serves to facilitate the further recruitment of the corepressor to the template, thereby reenforcing the transcriptionally repressed state.
Although histone deacetylation contributes to Gromediated repression, there are likely to be additional mechanisms by which Gro represses transcription. For example, our cotransfection experiments show that Gro possesses some repression activity that is resistant to the deacetylase inhibitor TSA. In addition, the WD repeat domain of Gro functions as a weak repression domain (Fisher et al. 1996 and unpubl.) , and this repression activity appears to be independent of Rpd3. Consistent with the idea that corepressors can modulate transcription by multiple mechanisms, histone deacetylase-independent repression has also been observed for the Sin3 corepressor (Laherty et al. 1997 ). It will thus be interesting to determine the identities of additional Gro-interacting proteins to see if they provide any clues to these possible alternative mechanisms of repression.
Materials and methods
Plasmids
Gro constructs used for producing in vitro-translated Gro and Gro deletions have been described before ). Plasmids pGEX4T1-Gro(1-194), -Gro(1-21), for Escherichia coli expression of GST-Gro fusion proteins were constructed by inserting PCR-generated DNA fragments encoding regions of Gro into the BamHI-NotI sites of pGEX4T1 (Pharmacia). Plasmids pVL1392-M 2 Gro(1-420) and pVL1392-M 2 Gro(398-719) for baculovirus expression of Flag-tagged Gro truncations were generated by digesting pVL1392-M 2 Gro (kindly provided by J. Zwicker and R. Tjian, UC, Berkeley) with NdeI or EcoRI, respectively, and then religating the larger DNA fragments. Gal4-Gro fusion constructs, the pG 5 DE 5 tkLuc reporter and the p-37tkRLuc internal control reporter have been described previously .
Plasmid pGEM3Zf(+)-Rpd3 for producing in vitro-translated Rpd3 protein was generated by inserting SacI-KpnI DNA fragment encoding full-length Rpd3 into pGEM3Zf(+) vector (Promega). Plasmids pAcHLT-B-Rpd3 and pVL1392-M 2 Rpd3 for baculovirus expression of six-histidine-tagged and Flag-tagged Rpd3 were constructed by cloning either a SacI-KpnI or a NdeIXbaI DNA fragment encoding Rpd3 into pAcHLT-B (Pharmingen) and pVL1392-M 2 Gro, respectively. For expression of the Gal4-Rpd3 fusion and Flag-tagged Rpd3 in S2 cells, a PCRproduced DNA fragment encoding full-length Rpd3 was cloned into the KpnI site of pActGal4(1-147)-SK and pPac-Flag. pActGal4(1-147)-SK was constructed by inserting a doublestanded oligonucleotide polylinker containing SacI and KpnI sites into the BamHI-BglII site of pActGal4-Gro (Fisher et al. 1996) . Similarly, pPacFlag was generated by inserting a polylinker containing the Flag epitope coding sequence and multiple cloning sites (KpnI-NotI-SacI-XhoI-BamHI) into the BamHI site of the pPac vector.
The single-point mutation in Rpd3 (pGEM3Zf(+)-Rpd3 H196F ) was generated with the QuickChange site-directed mutagenesis kit (Stratagene) using pGEM3Zf(+)-Rpd3 as template. The sequence of the coding strand-mutagenic oligonucleotide primer was 5Ј-ATGACTGTCAGCTTCTTCAAGTACGGAGAGTAT-3Ј (mutated base pairs are underlined). The point mutation was confirmed by DNA sequencing.
Fly stocks
The fly stocks used in this study are as follows: P[ry + = pZ, l (3) 
Antibodies and coimmobilization assays
The anti-Gro monoclonal antibody (mouse) was a gift from S. Stifani (McGill University, Montreal, Quebec, Canada), and affinity-purified anti-Rpd3 polyclonal antibody (rabbit) was kindly provided by P. Spierer. The anti-Flag M2 monoclonal antibody (mouse) and anti-Flag M2 affinity resin were purchased from Sigma. The anti-␤-galactosidase monclonal antibody was purchased from Promega.
Baculovirus expression and purification of Flag-tagged Gro or Rpd3 and six-histidine tagged Rpd3 using anti-Flag affinity beads or Ni 2+ -NTA-agarose beads were performed as described previously (Valentine et al. 1998; Chen and Courey 1999) . Immunoprecipitations with anti-Gro antibody were conducted using the IMMUNOcatcher system (CytoSignal). In vitro immunoprecipitations using M 2 affinity beads immobilized with purified Flag-tagged proteins to analyze protein-protein interactions were conducted as described previously . Bacterial expression and purification of GST-Gro fusions, as well as GST pull-down assays, were conducted as described before . In vitro-translated and [ 35 S]methionine-labeled proteins were produced using the TNT T7-coupled reticulocyte lysate system according to the procedure provided by the manufacturer (Promega).
Affinity purification and peptide sequencing
For large-scale affinity purification of Gro-interacting proteins, anti-Flag M 2 affinity resin containing ∼0.6 mg of purified M 2 Gro was incubated at 4°C overnight with 60 ml of nuclear extracts (Soeller et al. 1988 ) from ∼260 grams of 0-to 12-hr Drosophila embryos. Beads were then washed extensively with the HEMG buffer [25 mM HEPES at pH 7.6, 0.1 mM EDTA, 2.5 mM MgCl 2 , 10% glycerol, 1 mM dithiothreitol (DTT), 1 mM sodium metabisulfite, 0.2 mM phenylmethylsulfonyl fluoride (PMSF)] containing 100 mM KCl. After brief washing with HEMG buffer containing 0.4 M KCl, bound proteins were eluted with HEMG buffer containing 0.4 M KCl, 0.02% NP-40, and 2 mg/ml Flag peptide. The eluted fractions were pooled, concentrated, and resolved on a Coomassie blue-stained preparative SDS-polyacrylamide gel. The excised polypeptide bands were digested with lysC endoprotease, further fractionated by reverse-phase high-pressure liquid chromatography, and sequenced by automated Edman degradation.
In vitro histone deacetylase assays and cotransfection assays
In vitro histone deacetylase assays were performed using 3 Hlabeled acetyl-labeled histones purified from HeLa cells (kindly provided by A.A. Carmen and M. Grunstein) and a modified form of a previously described procedure (Carmen et al. 1996) . Fifty microliters of immunoprecipitated protein or ∼0.5 µg of purified Rpd3 was incubated with 20 µg of purified histones (∼20,000 cpm) in an assay buffer containing 75 mM Tris-HCl (pH 7.0), 200 mM NaCl, and 0.1 mM EDTA (total volume 200 µl) at 37°C for 30 min. The reactions were stopped by the addition of 0.12 M acetic acid and 0.72 M HCl, and extracted with 2 volumes of ethylacetate. Released 3 H-labeled acetate in 200 µl of ethylacetate was measured in a liquid scintillation counter. Assays were performed in duplicate and the data represent the average of two independent duplicate assays.
Calcium phosphate cotransfections into Drosophila S2 cells and dual-luciferase reporter assays (Promega) were performed as described previously .
Immunohistochemistry
Whole-mount immunohistochemical staining of ovaries was performed as described previously (Suter and Steward 1991) , and egg chambers were staged according to Spradling (1993) . Immunohistochemical detection of Rpd3 in embryos was performed according to standard procedures using a 1:400 dilution of antiRpd3 antibody and 1:1000 dilution of anti-␤-galactosidase antibody in combination with appropriate alkaline phosphatasecoupled secondary antibodies. The embryos were staged as described by Campos-Ortega and Hartenstein (1985) .
